Background. Vancomycin-resistant Enterococcus bloodstream infections (VRE-BSIs) are becoming increasingly common. Linezolid and daptomycin are the primary treatment options for VRE-BSI, but optimal treatment is unclear.
Most VRE strains are resistant to ampicillin, and current recommendations suggest linezolid or daptomycin as first-line treatment options [8, 9] . Linezolid is US Food and Drug Administration (FDA) approved for the treatment of VRE infections, including bacteremia [10] . Despite its efficacy, concerns for myelosuppression and serotonergic toxicity limit linezolid use in patients with underlying hematologic disturbances or those using concomitant serotonergic agents [10] . The bacteriostatic activity of linezolid may also limit its effectiveness in patients with endocarditis or immunosuppression [6, 11] . In these cases, an agent such as daptomycin, which exhibits concentration-dependent bactericidal activity against VRE, may be an attractive alternative [6, [12] [13] [14] . Daptomycin is recommended at a dose of 6 mg/kg/day for gram-positive BSIs, but in vitro and clinical data suggest that outcomes may be improved with higher doses [15] [16] [17] [18] . Although daptomycin lacks an FDA indication for VRE-BSI, it is commonly used in this setting in clinical practice [19] .
Multiple clinical studies have compared daptomycin and linezolid for the treatment of VRE-BSI [20] [21] [22] [23] . A recent meta-analysis pooled data from these investigations and noted an apparent superiority of linezolid over daptomycin in overall mortality [24] . However, the heterogeneity among inclusion and exclusion criteria and outcome definitions in the pooled studies make it difficult to properly adjust for confounding factors. Nearly all the included studies noted a trend toward daptomycin treatment among patients with neutropenia, thrombocytopenia, and endocarditis [24] . Another meta-analysis noted similar treatment selection bias [25] . Previous studies comparing the 2 agents have failed to find a difference in outcomes due to inadequate statistical power [20] [21] [22] . Due to the high mortality associated with these infections, optimal treatment is essential. Therefore, the objective of this study was to compare the safety and effectiveness of linezolid vs daptomycin for treatment of VRE-BSI in a population not vulnerable to some of the limitations of previous studies.
METHODS

Study Population
This was a national retrospective cohort study of hospitalized patients admitted to any Veterans Affairs Medical Center (VAMC) between 1 January 2004 and 1 January 2013. All adult patients with at least 1 blood culture positive for VRE were included. Exclusion criteria were (1) treatment with another anti-VRE agent; (2) treatment with linezolid and daptomycin combination therapy (including sequential treatment); and (3) treatment with daptomycin or linezolid for <48 hours. In recurrent VRE-BSI, only the first case encountered in the study period was analyzed. This study was approved by the Kansas City VAMC institutional review board.
Data Sources
National clinical databases comprised of inpatient, outpatient, and administrative data from all VAMCs were queried to identify patients meeting study criteria. Data were abstracted from these databases and included patient demographics, laboratory and microbiologic data, vital signs, antimicrobial treatment data, comorbidities, admissions records, and dates of death. Additionally, retrospective review of the electronic medical record was conducted to collect data that were not available in these databases at the time of this study, including negative culture results, VRE-BSI source, and source control as documented by a treating physician. Susceptibilities to antimicrobial agents were determined during routine clinical care.
Outcome Measures
The primary outcome was treatment failure, defined as a composite of (1) 30-day all-cause mortality; (2) microbiologic failure (lack of microbiologic clearance among those with at least 1 follow-up blood culture); and (3) recurrence of VRE-BSI within 60 days of therapy completion. Secondary outcomes were 30-day all-cause mortality, early (7-day) mortality, hospital length of stay (LOS), and duration of bacteremia. The starting time for 30-day and 7-day mortality determinations was designated as the time of first positive VRE blood culture. Hospital LOS was defined as the number of days from the beginning of linezolid or daptomycin treatment until discharge. Duration of bacteremia was defined as the number of days between the first positive VRE blood culture and the first negative blood culture.
Adverse Events
Platelet and creatine phosphokinase (CPK) data were collected for each patient at the beginning of treatment until 3 days after the end of therapy, when available. CPK elevation was determined according to previously defined criteria [26] . Thrombocytopenia was defined as platelets <50 000 cells/µL.
Statistical Analysis
Baseline categorical variables were compared by χ 2 or 2-tailed Fisher exact test, when appropriate. Continuous variables were compared by t test or Mann-Whitney U test. Variables that were associated with treatment group or treatment failure (P < .2) were manually entered into a backward stepwise Poisson regression model with robust variance estimates. Variables that confounded the relationship between treatment and the primary outcome, resulting in a ≥10% change in the associated risk ratio, were retained in the final multivariable model. Timeto-event analyses were conducted for 30-day all-cause mortality and microbiologic failure using the Kaplan-Meier method, with differences in survival distributions for treatment groups compared using the log-rank test. Additionally, Cox proportional hazards models were fitted with covariates selected using a backward stepwise approach. For time-dependent analyses, cases that did not experience the outcome of interest were right-censored at the end of the treatment period to control for potential differences in duration of therapy. Analyses were conducted to compare 30-day mortality stratified for VRE-BSI species (E. faecium vs Enterococcus faecalis) and source of infection (line vs nonline) using the Mantel-Haenszel procedure. An analysis of the effect of concomitant treatment with at least 1 dose of a β-lactam or aminoglycoside agent was conducted among daptomycin-treated subjects. A sensitivity analysis excluding cases in which the causative VRE species was not defined in the final microbiology report was conducted. Propensity score-matched analyses were also performed (Supplementary Appendix). Proportions of adverse events were compared by logistic regression. All statistical analyses were performed using SAS version 9.2 (SAS Institute, Cary, North Carolina), with a 2-tailed P value <.05 considered statistically significant.
RESULTS
A total of 1109 cases of VRE-BSI met inclusion criteria during the study period. Of those cases, patients were excluded due to treatment with another anti-VRE agent (n = 25), treatment with both linezolid and daptomycin (n = 140), treatment <48 hours (n = 119), and recurrent infection (n = 181 .33-6.10 mg/kg). Nearly all (99.4%) patients treated with linezolid were given 600-mg doses twice daily. Polymicrobial bacteremia occurred in 7.6% of cases overall, and the microbiology of these infections are reported in Supplementary  Table 1 . Baseline characteristics were compared according to treatment group in Table 1 . As can be interpreted, there were many significant differences between linezolid-and daptomycin-treated subjects with regard to these characteristics.
Overall, treatment failure was 60.9%, 30-day all-cause mortality was 38.2%, 7-day mortality was 9.9%, median hospital LOS was 13 days (IQR, 6-25 days), and median duration of bacteremia was 3 days (IQR, 2-6 days). The association between VRE-BSI treatment and clinical outcomes is displayed in Table 2 . Factors associated with treatment failure are also reported (Supplementary Table 2 ). In univariable analysis, treatment failure was significantly higher in the linezolid-treated group compared with the daptomycin-treated group (67.1% vs 54.8%; risk ratio [RR], 1.37; 95% confidence interval [CI], 1.13-1.67; P = .001). This association was driven primarily by differences between treatment groups with regard to 30-day all-cause mortality (42.9% vs 33.5%; RR, 1.17; 95% CI, 1.04-1.32; P = .014) and microbiologic failure (14.6% vs 6.4%; RR, 1.10; 95% CI, 1.02-1.18; P = .011). Treatment with linezolid also resulted in a significantly higher frequency of early mortality (12.9% vs 7.1%; RR, 1.07; 95% CI, 1.01-1.12; P = .016). No difference in median hospital LOS between treatment groups was observed (14 days vs 12 days; P = .228). Median duration of bacteremia was significantly higher among patients treated with linezolid vs daptomycin (4 days vs 3 days; P = .033). Excluding cases in which the causative VRE species was not defined, treatment failure remained higher among those treated with linezolid (67.0% [n = 201/300] vs 56.9% [n = 164/288]; P = .012).
Variables that were selected in the backward stepwise Poisson regression model for treatment failure included linezolid treatment, intensive care unit admission, severe liver disease, and Acute Physiology and Chronic Health Evaluation II (APACHE II) score. The relationship between increased failure among those treated with linezolid remained after adjusting for these factors in Poisson regression (adjusted RR, 1.15; 95% CI, 1.02-1.30; P = .026; Table 3 ). In this model, every 1-unit increase in APACHE II score was associated with a 2.5% greater risk of treatment failure. All other variables, including time to VRE-BSI, time to treatment, and solid organ transplant did not confound the relationship between treatment group and composite treatment failure and therefore were not retained in the final parsimonious model.
Kaplan-Meier curves for 30-day all-cause mortality and microbiologic failure are depicted in Figure 1 . Compared to linezolid, daptomycin treatment demonstrated significantly improved survival (log-rank P = .021) and microbiologic clearance (log-rank P < .001). Unadjusted and adjusted Cox proportional hazard ratios were also derived (Table 4 ). Significant differences in duration of therapy were noted between groups, with a median duration of linezolid therapy of 7 days (IQR, 4-12 days) compared with a median duration of daptomycin therapy of 11 days (IQR, 5-14; P < .001). However, even after controlling for duration of therapy and other factors, linezolid treatment remained significantly associated with mortality (Table 4) . Factors associated with 30-day mortality are reported in Supplementary  Table 3 .
The treatment groups were statistically balanced with regard to baseline characteristics following propensity score matching (Supplementary Table 4 ). In this analysis, treatment failure remained significantly more common in the linezolid-treated group (54.5% vs 45.5%; P = .019), which was driven primarily by differences in mortality and microbiologic failure (Supplementary Table 5 ). Overall, outcomes in the propensity scorematched cohort were consistent with other analyses.
The association between linezolid treatment and 30-day allcause mortality persisted after stratifying by VRE-BSI species (E. faecium vs E. faecalis; Mantel-Haenszel common RR, 1.16; 95% CI, 1.01-1.32; P = .027). Among those with VRE-BSI caused by E. faecium, the RR for 30-day all-cause mortality was 1.14 (95% CI, 1.00-1.31) compared with 1.28 (95% CI, .89-1.85) among infections caused by E. faecalis. Linezolid treatment was also associated with 30-day all-cause mortality stratified by source of infection (line vs nonline; Mantel-Haenszel common RR, 1.16; 95% CI, 1.03-1.31; P = .016). Among those with a line source of VRE-BSI, the RR for 30-day all-cause mortality We conducted an analysis of daptomycin-treated subjects with or without concomitant β-lactam or aminoglycoside treatment. Only agents that have been shown to be synergistic against some VRE strains in previous in vitro experiments were included [27] . These agents included ampicillin or ampicillin-sulbactam (n = 14), aztreonam (n = 13), cefazolin (n = 10), cefepime (n = 62), cefotaxime (n = 4), ceftazidime (n = 18), ceftriaxone (n = 35), imipenem-cilastatin (n = 49), doripenem (n = 8), ertapenem (n = 17), meropenem (n = 33), piperacillin-tazobactam (n = 96), ticarcillin-clavulanate (n = 10), amikacin (n = 10), tobramycin (n = 10), and gentamicin (n = 27). Unexpectedly, patients treated with a concomitant β-lactam agent appeared to have a higher proportion of treatment failure (56.3% [n = 135/ 240] vs 50.6% [n = 43/85]); however, this association was not statistically significant (P = .367). This relationship was also true for concomitant aminoglycoside therapy and treatment failure (57.8% [n = 26/45] vs 54.3% [n = 152/280]; P = .662).
Adverse Events
The frequency of adverse events compared by antimicrobial treatment group is displayed in Table 5 . Of the 569 patients with platelet measurements available during the treatment period (linezolid, n = 285; daptomycin, n = 284), thrombocytopenia occurred more frequently among those treated with linezolid (6.3% vs 4.9%). However, no statistically significant association between VRE-BSI treatment and development of thrombocytopenia was observed (odds ratio [OR], 1.30; 95% CI, .60-2.87; P = .593). Among the 275 patients with CPK measurements available during the time period evaluated, CPK elevation was observed in 6 of 211 daptomycin-treated patients (2.8%) and 1 of 64 linezolid-treated patients (1.6%; OR, 0.54; 95% CI, .01-4.61; P = .974).
DISCUSSION
The purpose of this study was to compare the safety and effectiveness of linezolid and daptomycin for the treatment of VRE-BSI. To our knowledge, this is the first nationwide cohort study comparing these agents and the largest single investigation to date. Treatment with daptomycin resulted in significantly less treatment failure, 30-day mortality, microbiologic failure, 7-day mortality, and duration of bacteremia. The mortality rates we observed were consistent with previous studies of VRE-BSI [25] . However, the present study is the first to demonstrate improved clinical outcomes associated with daptomycin treatment.
Consistent with previous studies, microbiologic clearance was common and occurred in 90.0% of cases overall [25] . Microbiologic clearance is especially important in critically ill and neutropenic patients, and a shorter duration of bacteremia corresponds with better survival in this population [6] . Previous researchers hypothesized that treatment with a bactericidal agent such as daptomycin may lead to improved clinical outcomes, but this had not been demonstrated prior to the present study [9, 25] . As can be interpreted from the associated Kaplan-Meier curves (Figure 1 ), the effect of daptomycin treatment on microbiologic clearance appeared to be greatest within the first 3-7 days of treatment. This finding corresponds with the improved early mortality benefit with daptomycin treatment we observed, which may be a result of the rapid bactericidal activity of daptomycin in comparison to linezolid. Multiple retrospective studies have aimed to compare clinical outcomes between linezolid and daptomycin for VRE-BSI, but have failed due to inadequate sample sizes [20] [21] [22] [23] . Recently, researchers have pooled data from these investigations [24, 25] . In direct contrast to the present study, one of these meta-analyses reported improved survival measured by overall mortality, defined as a composite of 7-day, 30-day, hospital, and infection-related mortality, among those treated with linezolid [24] . Significant limitations associated with this meta-analysis may have resulted in misinformed conclusions. Most important, there were profound differences in inclusion and exclusion criteria across studies that would lead to a heterogeneous study population.
Previous data suggest that VRE-BSI recurrence may be higher among daptomycin-treated subjects [22] . This finding has been attributed to the increased use of daptomycin among immunosuppressed patients [22, 25] . Although more patients with hematologic malignancy and neutropenia were treated with daptomycin in the present study, we did not observe an increase in VRE-BSI recurrence. The reason for this is unclear, but may be related to more accurate patient follow-up within the integrated Veterans Affairs healthcare system.
In the present analysis, daptomycin consistently performed better than linezolid in all the clinical outcomes evaluated, whereas no differences in adverse events were observed. Of note, we only collected objective laboratory data during the treatment period as part of our safety evaluation. Side effects such as myalgias may manifest in the absence of CPK elevation and may differ between treatment groups [28] . However, the frequency of CPK elevation we observed was consistent with previous analyses [26] .
Synergy with daptomycin has been demonstrated with multiple β-lactam and aminoglycoside agents against VRE, although this effect is not observed with all strains [27] . In this cohort, addition of a β-lactam agent or aminoglycoside to daptomycin did not appear to significantly reduce treatment failure.
Because we were unable to analyze the synergistic activity of these combinations, it is impossible to conclude if this observation was due to nonsuperiority of combination therapy or some other factor. It is important to note that this study was not designed to evaluate the effect of daptomycin combinations on clinical outcomes.
A number of considerations should be taken into account to appropriately interpret the data from the present study. First, this was a retrospective observational study and suffers from the limitations of this design. Second, microbiologic failure and duration of bacteremia are largely dependent on the timing of follow-up cultures, which may vary based on individual patient condition and between practitioners. Third, susceptibility data were not reported for the majority of cases. However, due to rarity of linezolid resistance and daptomycin nonsusceptibility among VRE isolates, we do not anticipate that this would have a significant impact on our findings [29, 30] . Fourth, standard 6 mg/kg doses of daptomycin were used in the majority of patients, despite newer evidence that higher doses may lead to better outcomes in patients with VRE-BSI [15] [16] [17] . High-dose daptomycin (>8 mg/kg) was only used in 4.3% of subjects, preventing an analysis of the effectiveness of these doses. However, our findings likely underestimate the treatment difference between daptomycin and linezolid because of the lower daptomycin doses utilized. Additionally, data on VRE colonization, infectious diseases specialist consultation, and time to positivity were not available at the time of this study and could not be considered in analyses. Although data on hematologic malignancy and neutropenia were collected, hematopoietic stem cell transplant status was not assessed. Last, we were likely underpowered to evaluate differences in the observed proportions of 60-day VRE-BSI recurrence and adverse events in respective subsets.
In summary, treatment with linezolid rather than daptomycin for VRE-BSI resulted in significantly greater treatment failure. The association between treatment failure and linezolid treatment persisted even after adjusting for confounding factors in Poisson regression and propensity score matching. In a Cox proportional hazards model, treatment with linezolid was also associated with lower 30-day survival compared with daptomycin. Overall, daptomycin treatment for VRE-BSI appeared to result in better clinical outcomes than linezolid. 
